We present a phenomenological study of three models with different effective degrees of freedom: a Goldstone Boson Exchange (GBE) model which is based on quark-meson couplings, the quark delocalization, color screening model (QDCSM) which is based on quark-gluon couplings with delocalized quark wavefunctions, and the Fujiwara-Nijmegen (FN) mixed model which includes both quark-meson and quark-gluon couplings. We find that for roughly two-thirds of 64 states consisting of pairs of octet and decuplet baryons, the three models predict similar effective baryon-baryon interactions. This suggests that the three very different models, based on different effective degrees of freedom, are nonetheless all compatible with respect to baryon spectra and baryon-baryon interactions. We also discuss the differences between the three models and their separate characteristics.
I. INTRODUCTION
Hadronic interactions are central to strong interaction physics. However, for the time being, the fundamental strong interaction theory, Quantum ChromoDynamics (QCD) remains too complicated for these to be directly calculated from it. Nevertheless, initial lattice QCD calculations of hadronic interactions [1] have been initiated. Due to the complication of a multiquark system, however, quantitative results remain in the distant future.
Meson exchange models, based on meson-baryon couplings, were developed long before QCD [2] and are still the best at fitting the vast collection of NN experimental data [3] .
Unfortunately, the QCD basis for such effective degrees of freedom in t-channel exchanges is not clear at present. Chiral perturbation effective field theory [4] is well-based in QCD;
for a recent derivation, see [5] . However, due to the fact that the quark and gluon degrees of freedom have been integrated out, it can not be used to study the quark-gluon internal structure of hadrons. Nor is it suitable for the study of genuine multiquark-gluon systems such as glueballs, hybrids,systems, and dibaryons. R.T.Cahill et al. [6] have developed an effective field theory which takes spontaneous chiral symmetry breaking into account. Constituent quarks and Goldstone bosons appear here as the effective degrees of freedom for low energy QCD physics. This model has been applied both to pion and σ meson internal structure and to meson interactions, but not yet to NN interactions [7] . L.Ya.Glozman, D.O. Riska and G.E.Brown [8] propose a phenomenological model, with constituent quarks and Goldstone bosons as the effective degrees of freedom for describing baryon spectroscopy and baryon interactions. However, their quark meson coupling is the linear Yukawa coupling, which reflects neither QCD based chiral perturbation nor the nonlinear coupling obtained from the effective field theory referred to above.
A. Manohar and H.Georgi [9] have argued that below the chiral symmetry breaking scale(∼1Gev) and within the confinement regime (∼1fm), the proper effective degrees of freedom are Goldstone bosons, constituent quarks and gluons.(We have constructed an approximate QCD derivation of this model, similar to Cahill's approach, but the quantum fluctuations of the gluon field are suppressed.) Such a hybrid quark-gluon-meson exchange model has been widely used to describe nucleon-baryon interactions and a semi-quantitative fit has been obtained [10] .
Models with constituent quarks and effective one gluon exchange [11] describe hadron spectroscopy quite well. The Hamiltonian approach to QCD [12] seeks the QCD basis for this model. The Schwinger-Dyson equation approach also keeps constituent quarks and gluons as the effective degrees of freedom [13] . However, direct extension of this model to the NN interaction obtains only a repulsive core [14] . A variant of this model obtains the NN repulsive core and intermediate range attraction simultaneously, by taking into account both quark delocalization and color screening. This also describes a qualitative similarity between nuclear and molecular forces. A semiquantitative fit to the existing NN, NΛ, and NΣ scattering data and to properties of the deuteron has been obtained as well [15] . The MIT bag model uses current quarks and gluons to describe hadron internal structure [16] . A quark-meson coupling has to be introduced to restore chiral symmetry [17] to this model; Cahill et al. have given an approximate QCD derivation [6] . The model has been extended to the description of hadron interactions using the R-matrix method and compound quark model approach [18] .
The Skyrmion model can be viewed as originating from the large N c limit. It has been used both for nucleon internal structure and for hadronic interactions [19] . The nontopological soliton model also acquired an approximate QCD derivation a few years ago [20] .
There might be even more QCD models that can be listed. But this short review suggests that neither theoretical studies of QCD nor phenomenological model analyses can yet determine which effective degrees of freedom are best, nor which model is best for the description of low energy hadron physics. Therefore, theoretical study of QCD and phenomenological analysis are both still needed to extend our understanding of low energy strong interaction physics.
This paper reports a phenomenological study of the effective baryon-baryon interactions of the ground state octet and decuplet baryons using three constituent quark models with quark-meson, quark-meson-gluon, and quark-gluon effective degrees of freedom respectively.
The results show that in many channels, (about 2/3 of the total states) the three different models give more or less the same predictions. We take this as a phenomenological verification that, even for baryon-baryon interactions, quark models with different effective degrees of freedom are quite compatible and that meson exchange effects are modeled, at least to some extent, by quark delocalization and color screening. In some channels, however, especially promising dibaryon states, the different models give drastically different predictions.
These cannot be viewed as being as reliable as those above; i.e., these results are sensitive to model details. Experimental searches in those channels are needed to distinguish the validity of the different models. This paper is organized as follows: In Sec. II, we describe the Hamiltonians and parameters of the three models. In Sec. III, we present the results and discuss them. The final section gives our conclusions.
II. HAMILTONIAN AND PARAMETERS OF THREE MODELS
From among the models discussed in the introduction, we choose three constituent quark models on which to do a comparative phenomenological study; i.e., we calculate the adiabatic effective baryon-baryon interactions and dibaryon candidates systematically. The three models are: the Glozman-Riska-Brown model, based on constituent quarks and exchange of Goldstone bosons (GBE); the Fujiwara model, based on constituent quarks and gluons, with the Nijmegen description of one boson exchange (FN); the quark delocalization and color screening model (QDCSM), based on constituent quarks and gluons but with quark delocalization and color screening effects included. We choose to consider these three models for several reasons: There has been considerable debate recently regarding these effective degrees of freedom [21] ; These models have been extensively studied with respect to baryon spectroscopy and baryon-baryon interactions; They can be calculated straightforwardly in a consistent, systematic way, using fractional parentage expansions and variational methods.
A. Quark and meson effective degrees of freedom: GBE models
We take the Goldstone Boson Exchange (GBE) model of Glozman's group as the example with constituent quarks and Goldstone bosons as the effective degrees of freedom. This model has been successfully applied to baryon spectra and also extended to study NN interactions. Although recent research shows that scalar and vector mesons should also be included to describe baryon-baryon interactions, here we use only the original version, i.e., only pseudo-scalar mesons (as Goldstone bosons), which gives a surprisingly good description of baryonic spectra.
In the nonrelativistic meson-exchange quark-quark interaction of any such model, there is a δ-function term, which is true only for point-like particles. For particles with structure, this δ-function must be smeared out. In the GBE model, two types of smearing were used:
Gaussian and Yukawa. We designate them as model GBE(a) and GBE(b), respectively.
GBE with Gaussian smearing: GBE(a)
In this case, the δ-function is smeared by a Gaussian function [22] . This version provides a successful description of the spectroscopy of baryons. In addition, the short-range repulsion of the NN interaction is also obtained. This Gaussian smearing involves two parameters corresponding to the short range cutoff point (r 0 ) and the width (α) of a bell-shaped curve.
where the parameters are
Here b is the baryon size parameter (a parameter of the quark orbital Gaussian wave function).
GBE with Yukawa smearing: GBE(b)
Because Gaussian smearing does not meet the well known requirement that the volume integral of the pseudoscalar meson exchange interaction should vanish, another smearing version, Yukawa smearing, was also applied in the GBE model [23] .
The values of b and V 0 are obtained by reproducing the N − ∆ mass difference and the nucleon mass with a Gaussian single quark orbital wave function, as is used in standard quark model calculations. We also assume a single quark-meson coupling constant, , for all octet mesons (π, K, η) as the originators of the model have done in their calculations.
The strange quark mass, m s , is determined by an overall fit to the masses of the strange baryons. Since "irrespective of the parametrization, the flavor-spin symmetry is essential in the model" [23] , we presume that we have maintained the essence of the GBE. In addition, only the spin-spin component of the pseudoscalar exchange interaction has been included in the calculation. We note that there are extensions of the GBE which include pseudoscalar, vector and scalar meson exchanges with all possible force components [24] . This is expected to be necessary for baryon-baryon interactions, but this addition will be left for future studies. [25] as an example since it gives a simultaneous description of both NN and NY (nucleon-hyperon) interactions.
C. Quark-gluon effective degrees of freedom: QDCSM For this case, we take the quark delocalization, color screening model (QDCSM) as the example [15] . As noted above, the naive quark model with quark and gluon effective degrees of freedom gives a good description of individual baryon properties. However, its extension to baryon-baryon interactions is not successful. The QDCSM maintains quarks and gluons as the effective degrees of freedom, but enlarges the Hilbert space by incorporating quark delocalization. It also distinguishes the confinement potential between quark pairs inside one baryon and from different baryons by introducing color screening. This is based on the recognition that the interaction between quarks from different color singlet baryons must be screened as color neutrality is observed to be maintained on a f m scale. To be precise, the backflow of color necessary is not explicitly modelled, but is accomplished by an effective matrix elements method. The QDCSM gives a reasonable fit to NN, NΛ and NΣ scattering data. 
is the left-(right-) centered quark orbital wave function; the mixing parameter ǫ(R s ) is determined variationally for every R s by the dynamics of the six-quark system.
Among these three models, the QDCSM has the fewest parameters.
In order to do a systematic calculation for all three-flavor (u, d, s) six-quark systems, the adiabatic approximation is used to obtain the effective potential between two baryons as a function of their separation. The mass of the six-quark system is then estimated as the sum of the two separate baryon masses, plus the value of the effective potential at its minimum and the zero-point oscillation energy. In the calculation of the six-body matrix elements, the fractional parentage expansion is used. The details of this method can be found in Refs. [15, 26] . Such an adiabatic calculation is reasonable for a systematic survey, but only gives a rough estimation of the mass of the six-quark system. A dynamical calculation is needed to obtain quantitative results, but is not expected to lead to significant differences at the level of accuracy of interest here.
III. RESULTS AND DISCUSSION
The baryon-baryon scattering properties calculated are listed in Tables I to VII (1) The short-range repulsion obtained from Gaussian smearing is much larger than from
Yukawa smearing for some states. Taking the (001) deuteron channel as an example, we find the short-range repulsion is 2436 MeV for Gaussian smearing [22] , but only about 790MeV
for Yukawa smearing. (3) We identify three groups of states, depending on the minimum value of the potential,
For the first group, the difference of |V 0 | between models (a) and (b) is about 10 MeV.
These states include most of the states with small angular momentum (J = 0, 1). These states, including (021), (030), The difference between models (a) and (b) shows up most strongly for the third group of states. Comparing the results for (023), (022), (033) In the following comparisons, when we refer to the GBE model, we will mean model (b),
because it is consistent with the requirement that the volume integral of the pseudoscalar meson exchange interaction should vanish.
B. Comparison among the three different models
All possible S-wave states of (SIJ) obtained from the ground state octet and decuplet baryons in the u, d, and s three-flavor world have been calculated with the three models (GBE(a) and (b), FN and QDCSM) based on three sets of effective degrees of freedom. We will discuss the general features first and then the details for some interesting aspects.
General features
(1) Deuteron properties: Since the deuteron is a well known, stable, two-nucleon state (SIJ = 001), we take it as a measure of the precision of our model calculation. The three different models all show a weak attraction; the minimum of the effective potential is -18 MeV (FN), -21 MeV (QDCSM), -3 MeV (GBE), and the separation corresponding to the minimum energies is 1.2fm, 1.3fm, 2.0fm, respectively. These reproduce the deuteron channel NN interaction qualitatively, but the estimated masses in the three models differ by [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] MeV from the deuteron energy. The main causes of this deviation are twofold:
First, the S-D wave mixing due to the one pion exchange tensor interaction has not been taken into account; second the adiabatic approximation and zero-point harmonic oscillation energy used in this calculation are rough approximations. A dynamical calculation with the extended QDCSM, where the one pion exchange tensor interaction is included, does reproduce the deuteron energy, size and D-wave mixing accurately [15] . This emphasizes that the results reported here only produce a qualitative effective baryon-baryon interaction.
To study dibaryon states, a careful dynamical calculation is needed. In fact, if the deuteron would not have been found by experiment, it would have been difficult for any of the models to predict its existence.
(2) Quark delocalization effect: For Fujiwara's quark-meson-gluon coupling model, enlarging the model space will not change the results, i.e., systems always prefer to remain with small delocalization(ǫ ≤ 0.1) 1 , even for those states with minimum energy at small separations. A similar conclusion follows for both of Glozman's quark-meson coupling models, (a) and (b). On the other hand, for the QDCSM, the quark delocalization effect is obvious.
For some states the delocalization parameter ǫ can reach 1.0 at the minimum energy of the system. Quark delocalization compensates for the explicit meson exchange effect absent in the QDCSM.
(3) Channel coupling effect: In all of these three models, the channel coupling effect is small for most cases; the largest effect is about 50-100MeV. For those channels where the binding energy is close to the channel threshold, channel coupling may well play a critical role in forming dibaryon states. Jaffe's H particle case is a clear example. In those cases, the channel coupling should be studied dynamically.
Details
From the calculated results of three different models, we found that about two-thirds of the states within the u, d,and s three-flavor world have quite similar, and in some cases indistinguishable, effective baryon-baryon interactions:
(1) States with the same, purely repulsive, interaction:
States with almost the same effective repulsive baryon-baryon interactions include (000), (011), (023), (022), (033), (032) A dynamical calculation is especially needed in these cases in order to obtain more reliable results.
(ii) There are states for which the QDCSM and FN give quite similar results, but the GBE model yields an even weaker attraction. States belonging to this case include (031), (-3,1/2,1), (-401) and (-412), two of which are shown in Fig.6 . The QDCSM and FN model obtain a minimum of the effective attraction of several tens of MeV, or at most a hundred
MeV, but the GBE model yields only several MeV for these states.
(iii) There are states for which the QDCSM and GBE models obtain a weak attraction, while the FN model yields a little stronger attraction. These states include: (-1,1/2,0), (-1,5/2,1), (-220) and (-3,1/2,0), as shown in Fig.7 . For these states, the QDCSM and GBE models obtain a minimum of several MeV, while in the FN model, the minimum is several tens of MeV.
(iv) For some states, the QDCSM obtains a somewhat stronger attraction than either of the other two models. Such states include: (012) Each model has distinct characteristics with respect to the remaining one third of the states:
(1) The QDCSM predicts strong intermediate-range attraction for states with large angular momentum. As the strangeness becomes more negative, the minimum of the effective potential, V 0 , becomes less negative, as can be seen from the sequence: (003) with 11 .)
The Darwin term of the Breit-Fermi interaction has been included in the FN model. We find its contribution to the baryon-baryon effective interaction to be small, typically giving rise to a weak attraction with a minimum ≤10MeV .
(3) Since the GBE model that we used in our calculations does not take into account scalar and vector meson contributions, the effective interaction obtained is usually less attractive than the other two models. One would expect that the GBE will give more similar results if these exchanges are incorporated.
Particularly interesting states
(1) d * dibaryon state (003); (see Fig.10 ): The QDCSM predicts this to be a tightly bound, 6-quark state, but the other models predict only a weak intermediate-range attraction, which does not provide enough attraction to form a bound state relative to NNππ threshold.
Recently, a dynamical calculation in the QDCSM obtained a slightly smaller binding energy for the d * (∼ 2.18GeV) [15] . The difference is due to the fact that the zero-point oscillation energy in this case underestimates the relative kinetic energy of the two baryons. However the d * mass is still much lower than found in the other models.
(2) Di-Ω state (-600); (see Fig.11 ): The FN model predicts a strong intermediate-range attraction with binding energy B = −62MeV. The mass of the state is 3282 MeV, which is lower than the ΩΩ threshold 3345MeV , so that a strong interaction stable state is predicted.
Another hybrid model [27] obtains a similar result; (B is about -100 MeV). The GBE model predicts B = −11 MeV. This mass is slightly lower than the threshold, and is expected to decrease further if scalar and vector meson exchanges are incorporated. The QDCSM predicts a mass of 3350 MeV, but a dynamical calculation obtains a smaller mass, which is closer to the results of the hybrid models. In this case, the zero-point harmonic oscillation energy overestimates the relative kinetic energy.
(3) H particle (-200); (see Fig.12 ): The QDCSM predicts that this is a strong interaction stable state with small binding energy, B = −14 MeV; the mass is 2218 MeV. The FN model obtains a mass of 2312 MeV, which is higher than the threshold (2231MeV). Zhang's dynamical calculation obtains a mass for the H close to the ΛΛ threshold [28] . The GBE(a) model obtains 2207 MeV, which is a little lower than the threshold, while GBE(b) obtains 2249 MeV, which is a little higher than the threshold. Almost all of these model results are close to the ΛΛ threshold. Taken together, they imply that the mass of the H particle is sensitive to model details. Experimental searches should (and do) take into account the two possibilities of a strong interaction stable state with long lifetime, as well as a narrow resonances with a short lifetime.
IV. CONCLUSION
The three constituent quark models based on quark-meson, quark-gluon and quarkmeson-gluon effective degrees of freedom are widely used in the study of hadron spectroscopy and hadron interaction, and there is a hot debate about which degrees of freedom are the proper ones [21] . For the 64 two baryon channels consisting of octet and decuplet baryons, we find that the three models give similar effective baryon-baryon interactions for about 2/3 of these channels. The three models appear to be different, but in fact are not very different in describing effective baryon-baryon interactions.
For some time, a number of authors have viewed the QDCSM as an exceptional model.
Some have even claimed that it violates principles of quantum mechanics [29] . This is incorrect, as it is a conventional effective matrix element approach, which we have proposed because of our concern regarding a sound theoretical basis for direct extension of the two body confinement interaction from single to multi-hadron systems, where nonlinearity may be expected to be significant. Quark model studies of multi-hadron systems provide important checks of the model descriptions of confinement. The results of this paper demonstrate that predictions of the QDCSM are not so exceptional as might appear from its definition.
On the contrary, it embodies meson exchange effects in its own way, i.e., through quark delocalization and a different parametrization of quark confinement. Since the effective matrix element method is widely used in the Heisenberg version of matrix mechanics, we are at a loss to explain how the authors of Ref. [29] have so misunderstood our model as to arrive at such incorrect conclusions regarding it.
This paper also demonstrates that there are differences among these three models. This has been shown in baryon spectroscopy [21] . It also appears in the predictions for different dibaryon masses, especially for states of high spin and high strangeness. More precise hadron spectroscopy and experimental study of the dibaryon states predicted by these models are needed to distinguish which degree of freedom best describes low energy hadron physics.
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